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SUMMARY

Results are presented of sea-level performance tests conducted

on a 22-inch-diameter pulse-Jet engine _nstalled on a thrust stand.
The tests were conducted at simulated ram pressures of O, 18; 40,

and 58 inches of water and cover the entire range of fuel flows for

which resonant operation of the engine is obtained.

A summary of the important test results is presented In the

following table:

Simulated ram pressure, In. water

Equivalent indicated airspeed (NACA air), mph

Predicted maximum flight thrust, lb

Thrust specific fuel consumption at maximum-

thrust operation, lb/(h_-)(lb thrust)

Predicted flight thrust for operation at

minimum fuel cons_nption, lb

Minimum value of thrust specific fuel con.-

sumption; ib/(hr)(lb thrust)

0
0

50O
4.0

420

3.8

181
1901

660
3.8

610

3.4

40
280
740
3.8

660

5.5

58

340

770

4.2

68O

3.6

Maxlmum-thrust operation was obtained at a fuel-air ratio of approxl-

mately 0.08 and best fuel economy_ In the fuel-alr-ratio range
between 0.064 and 0.072.
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The operating frequency of the engine varied from 39 to

41 cycles per second. Maximum combustion-chamber pressures !n the

order of 40 to 50 inches of mercury gage and minimum pressures from

about 7 to i0 inches of mercury w_cuum were measured for the simu-

lated ram pressures of 40 _and 88 inches of water° The operating

lives of the two flapper-va!ve assemblies used in the tests were

approximately 17 and 5_ minutes°

IN_d_ODUC Ti ON

At the request of the Air Technical Service Coramand, Army Air

Forces, and the B_L_eau of Aeronautics, Navy Department, an inves-

tigation Is being conducted at the NACA Cleveland laboratory to

improve the performance and extend the operating life of the pulse-

Jet engine, As a part of this investigation, tl_ust-stand tests

were conducted to determine the sea-level performance of a 22-inch-

diameter pulse-Jet engine at simulated ram pressures of O, 18, 40_

and 58 inches of water for the entire fuel-flow range of resonant

operation. The performance data obtained in these tests, which were

conducted from February to June 1945, are presented in this report.

TEST INSTALLA_ION A_[D INST[_I_NTATION

Description of pu!se_Jet engine and its operation. - The pulse-Jet

engine used in the investigation is a reproduction of the Cerman engine

used In W_'Id _War II for propelling the V-1 flying bomb. As illustrated

in the dimensioned sketch of figure l, the pulse-Jet engine Consists

of a flapper-valve grid assembly and a steel shell that forms the dif-

fuser entry ahead of the grid, %he cylindrical combustion chamber, the

conical nozzle, and the long cyl_fldrical tail pipe behind the grid.

The inner diameters of the cor_bustion chamber and tail pipe are
1 i

21_ and IS_ inches, respectively; the ratio of c0mbustion c_smber to

%azl-pipe flow area is therefore approxlmtely 2:1. The flapper-valve

grid assembly consists of spring-steel sheets 0.010 inch thick, which

are preformed and installed to seat tightly against the ribs of the

aluminum grid sections. (See detailed sketch in fig. i.) _le spaces

between the ribs form the air passages across the grid sections; the

restriction of air flow ti_ough these passages Is controlled by the

opening and closing action of theflapper valves. Three horizontal

venturi-shaped channels are located at the entrance to the combus-

tion chamber directly downstream of the flapper-valve grid assembly.

The venturi channels are formed by the insertion in the forward end of

the combustion ch._mber of airfoil sections constructed of sheet metal.

The spray ends of the fuel nozzles, which are supported on the flapper-

valve grid assembly, are c_ntrai].y located slightly upstream

of the throat of the vem%uri ¢ham_ols. The purpose of these
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obannels is prob_bly to kmp_o_e mixing betwec_n the co_tlbustion alr and

the fuel.. £ spark _lag i_st"lied on the combustion-cha_iber she.ll in

th_.pos_tU_n :i.nd_sated _,n figure ! is used for st._ting tile engine.

Figu_-es 2 and 5 ,%re photo_'aphs of the down.sbre_zm a_& upstream

faces of the fl_p.por-_,:alve grill assembly and show the nine centrifugt"! -

spray ft_oi.--injection nozz.les_ _he three compressed-air jebs_ the ,fuel-,

dls_rib_tion manJ_fold; and the COml_ressed-air lines. The compresseA-

air jets, which az'e Incorpor;._ted fcr static starting_ were not used
in the tests_

.Resonant oper::ttion of the ens:ine fs as follow,.",: The f!appo_

val<_es open and admit air i.uto the co_ubustior_ chaml_,er, The full _'_pray

m:Ixes wt[,h the incor._ing..t;dr__nd fox,as a co:nbust]b!c m.txtmre, which is

ignited b_ the ._'e,_._ciualexhaust ga_es of t.ao preview, s explo,slc.n, The

prossttro rise resulting _:._'omthe es<plc.sive combustion causes the

Cl_pp<_r v<¢ivos to sn_l_ shu_ aga.i.e_b the grid and the burn{-d, products

of sombustio::: a<'o d:_scb._rged r_ar'_dlj throt_h t,he tail pipe, th_,s

l_:covid.;n_ a thrust _m_,uL,,e on the er_.ine in a forw_.rd d-_'octJ.on, The

outwerd t"ash of [Tasc:s from. %he tail ]?ipo ro4uces the pressure w:!tLin

th,.; combustion oh-n_bo;_", w,_Ich cans<.s the fl:tpp<:r v.:;tlves be reopen and

__dmi.t a new ch_.,,rg<.', o.f _J.r, The cycle -then _:epo;._ts iLl, elf ,'._t a,. f.co-

quency govorr, cd bj the rosen.,.._.t fro.,lUOnC 2 of tile engine tube.

• Thrust st_d c.nd thrust-m'_asurlng s_vstem. -_Fig_L_o _ is a sohe-

m.._tic dJ'_gr,-ua_ o_._ 51:e test suhup showing the mount, ir.,g _._....._._,e_ the thrust

pl_bform _¢nd i,h_'us_-mo_stming ].'nkr.go_ and the _O_lOl_gtl d.uctin3 ssstom

fo_t sup]?].y]n<4 co._;'_bustionair to the engir:o. The sh._'ouds "-n_dductJ.ng

of the cooling-air system and ethan' dotal].s of the test fns+.al.]atJon

m,:_ybe s<;->nin the photograph of figtu_o 5. The front (ul_strc_)

_:u_pport for the engine consist_ of an ad,lus%;.-ble yoke having flexible

r._bbor.-mountud be,zr_ngs _t _he two s_.ppo._'tpoints for cushioning the

vi<.d.ontl_.'flactamtin6 t_.'ust forces ._.)bta_nod during operation. The

re_:,_'(dow_._stro:m:0 support is fi.xod to the ......• _.'am_.. with a s_mplo sl_ing

bolt ::_nd,slot -_rr_ng<.,m_nt to provj.de for the exp.:_ns"_om of' the shell

when .h:'atod d.ua_ing no_T_,:O,,opor_ttJ on. After init i_d tosbs_ the

-Jxbrem< end of the, t_:_l pJ.p{:,w.ts clrtmp,sd to the frz:a_o by me'ms of

mot-d straps to pt'ovcnt l.t fro_a whlppfng <_d sagging dur!n,s opur._tlon.

The thrut_t platfo._% upon which themotto.ring fr_le i, _', bclt__d, is

sui_portc_, by b_¢l]_ o.nd rotl)_" b,_cri_g lJ.nl_(_cs _bovc :- b__,dl)J.t_te
,.-,courtly anchored to _<r, _s.)J,.ttod co;ac_°otc blc)ck sut :in t.be _round.

The thrl_,st platform_ the sup_j_ort link:;_gea_ and the bedplate fo_m

the sides of a pln-Jo_nted i,ar,_!l.:_logr&<_. The roar support linkages

and a th_.ust m:_ a_'e }',:eyedto a cerumen shaft be form -tbell--cra_k

arrangement with a i0:I leverage ¢'at,.o. The forces on the engine

are, transm:_.tted fvom-th<_ thrust platform_ throu[j_, the boll crar.,k_ to

the piston of :z hj_draullc piston.-c_lj.nder assembly, Kerosene is
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pumpedfrom a reservoir to the bottom of the cylinder and returned
through a horizontal slot 1/16 Inch wide end 7/8 inches long midway
in the cylinder barrel. Under lead conditions the piston automati-
cally assumesa position relative to _le slot opening such that the
kerosene pressure exerted on the under side of theplston balances
the forces applied to the top of the piston. The kerosene pressure
in the cylinder is transmitted to a mercury T._jz_er through copper
tubing, which incorporates a 1-foot length of capillary tubing with
a O.052-1nch inside diameter. The capll]ary tubing provides for
linear damping of the pressure pulsations resulting from the inter-
mittent Jet forces and thus insl_es true time-average readings.

In order to check the accuracy and reliability of the thrust
readings obtained with this hydraulic-balance system, thrust measure-
ments were also taken in sometests (not reported herein) with a
strain gage installed on the connecting rod between the thrust arm
and the balancing piston. AgTeementbetween the thrust indications
obtained by the two methods were within 5 percent; because the two
thrust-measurlng methods operate on entirely different principles,
insofar as giving a time average of the periodic thrust forces
developed by t!_e engine, it is concluded that the time-average thrust
measurementsobtained by either method are correct.

Combustion-air 9z_.t_' - As shownin figure 4, a centrifugal
blower driven through a variable-speed magnetic coupling by a
200-horsepower constant-speed induction motor supplies combustion
air to a large surge tar_ from which It flows to the pulse-Jet
engine. The surge tank, which serves as a constant-pressure reser-
voir, has a voll_ne greater than 500 times the volume of the engine
combustion chamber; the air-pressure fluctuations in the surge tank,
restdting from the cyclic "breathing" of the engine, are therefore
small. An air-tempering tank_ located in the ducting system between
the blower outlet and the air surge tank, contains suitable steam
coils and water coils with automatically controlled mixing vanes
for regulation of the combustion-air temperature. The surge-tank
pressure (or simulated ram pressure) was controlled by regulation
of the blower speed and a bleed valve located near the blower outlet.
Measurementsof combustion.-air weight flow were obtained by means
of a 14-1nch thin-plate orifice installed in the combustion-a!r
system according to A.S.M.E. specifications.

The transition ducting between the air surge tank and the
entrance diffuser of the engine is rigidly supported on the same
mounting frame as the engine itself and is connected to the surge
tank by meansof a flexible rubber diaphragm (see detail A, fig. 4),
which prevents tran_mittal of tl_ust to the surge tank. Because
the engine mounts permit somemovementof the engine relative to the
mounting frame, whereas the transition ductlng is rigidly fastened
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be the fr_e, a rubbei'--boot corOt,,cationis provLded between tb_ eng.lno
diffusei: and the trans::tion -.,ec-':.non(see d_.,ail__B.. fig, 4).

Fuel and iznition _systems. - F'oei_ confo_.-n1.ngto AI_-F-22 speci-
flcatioms_ w._splp9d to the er:gine fro_ the laborato1"y msIn supply
system, An a",_xi]iary fuel p_p _:Is used to boost -the main-supply
fuel pressures, as req__irod to obbain the h-.6h fuel r_tes and the
atte_-,.d,±z_thi._i, fuel .nozzle pressures, The fuel flow was regulated
by a needlb valve and meas_:_redby a c,ilibrated telemeter. A
soleno_d--operateEvalve in the i'uel liz_e adjacent to tlie eii_ine
afforded a quick m,_ansof openlng and shutting off the fuel supply
to the engine during operation. A fuel s'_go t_mk is coimoctod by a
toe from the fuo! ii'ne at a point Just upstream o£ the solenoid-
operated valve. The volu<ie in _he ].o_.-._erport_on of t}_e tank nearest
the co_eotion Is filled <4:[th g_soline and the upper vol-Lm_econtains
ontl'apped air for cushioning the l:ino s_irgos_ The fuel s_zr'_etank
_is,:: f-_uctioned in startin6 the sn_ne as ._ pross_:a_izedfuel reset-
volt for giving a qu].ck _.._ ....._o_..... in]ectlon of fuel into the
combustion chmmb.,rthe instant the solenoid w)3.vewas opel]od,

A 10,O00-vo!t ou.t-p_t transforme]_ and a ;.4...millimeter automobile-
engine sp.ark plu_ prey.ideal the inib_al igni _ion required fo_r startin_
the engine.

Cooling-.air system. The ong_e is cooled, duz-dngope:.'_-_t_,.onby
ci.rcr_lation of coo!:ing air in the ann.Jla_rs.pacsbetween the engine
shell ind -bh,_cooling s_rouds shownin i'i_f_r'o 5. The coo].]ng air is
d_,'livered +_,th_ cooling sLrouds by a c_,n..r:[zugal blower driven
throu_i a hydraulic coupling by a 900-horsepower constant-.spuol
induction motor,. The coolir.g-shroud installation Is mot Jn contact
with the engine or the th:_mst-transmittlng membersa.ndth_s _oes not
interfere with the thrust measu:,cemonts,The cooling air is intro--
d_cod into and disc.barged from th_ am_u].arspaao in such a mar,net
that its total momcnt_n_along the _hrllst r_z:isof the ongir_o is kept
:_t a m'_n,'m_,ml.

I'ross_re and temperature m:)asurements. The press_m..'e-t:_be and

tller_mocouple instr]mientat'on used. in the tests .Is briefly outlined

_s fellows :

(.__)A survey with fo_zr total-pressure t"._es at the engine

diffuser entrance (p].ane h, fig. 6). The average pressm"e a-here

atmospheric thus obtained would correspond closely to flight r_:'ml

pl-essure.

(b) A survey w:ith four static tubes .and four _iron-constantan

thermooouples at the surge tark outlet (plane i, fig. 6).
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(c) Static-pressure Wall tap for measu_emei_t of bhe static

_;._es,:m_..oof bhe combustion air within the air surge tarJk.

(d) Finn,go stat:_c taps apsbre:zm and dowrLstresum and an iron-

oonstantan thel_ocouI_le u:pstream of the combustion-air orifice plate,

These read i.ngs are used for the determJnatlons of combustion-elf

flow,

(e) T!m'eo Iron.-constantan the_ocoup!es peened into the upstream

face-of the flapper-valve assemb3y.

(f) Five chro_ae!--al_mlci thsrmo<_e,_ples spot-welded to the engine

shell at 2-foot intervals do_Lst-_'e_:i of the f!apper-v_ive assembly.

The press,_'e tubes are cc_m.ected to a multitube liquid manomoter_

th_ readings of which were phr_to_r,_q_hical3y recorded during the tests.

A micromanometer w,_s used to ebt_'dn a more acc_.,'ate reading of the

_._1o,entzal across the orifice plate. ThecombustJon-a.lr p_essure d "_'" _' "

temperat_res wore indicated bj self-balancing potentiometers.

C0mbustton-cycle mea;mrements. - The en_lne combustion-ch_mber

press<_res were transmitted to ac_p_tczty--type pressure picku"p and

were obtained as vertical deflections en a cathode-ray oscilloscope.

The hcr!zonta], sweep on tho osc_.lloscoi.,e was actuated by a caiibrated

audLo--fr'_quency osc_ll_toq which ros_!t¢,! _n a trace o_ the oscil-

loscope screen of pr_ssu_'_ against th_e, The pressure tr_ce on th_

screen was photographed d_nring the tests. The frequency cf the

_._o,,_was obtL_inod f_om i.hc.s_tt-].ng of the audio-frequency

oscillr_tor.

Preliminary tests showed that the pressure pickup was relatively

insemsitiw.:_ to vibrational dist.,_rbancos: but that, in spite of its

w'__ter-coolcd press_e-sens_tiv_ diaphra_; it gave h I_Ay disto:_'ted

and cha_g'ing wave ferns when subjected to _iot gases. This r_.sponse

may be due to wa.rping and changes in the physical properties of th_

bhin diaphra_ upon applicat_.on of heat. In order to avoid di±'ect

exposure of the diaph:rag_ to the combust!o_ gases, the pickup was

installed _t the end of _ water-cooled extension tube of' 5/@.--Inch

inside dJ_r.otcr and 5½...inch length, which; in turn. was mounted on
the comb_stion chs;_fscr about i f_ot behind the flapp_r-¢alvo

.assomblj.

The quantitativ_ i:_formation oz,. the combustion pressure cycle

is obtained from moasurr'em._.nts o:_ m_xJn_n and minim_un cycle press_rcs.

A balancod-di;_k pickup of NACA dosl_,_ which has been successfully

used In reciprocating-engine dew._loI:m,_nt to _r,easure maximum cylSndor

pressures az_ found to be reliab].o, was u_'od.Jn the subject tests to

moasur,_ the m_uz_m_a cycle pressure. In the operation of th_
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bala1_ced-disk pickup bhe c_G!ic combustion pressure acting on one
side of the disk is oo.mtera.:_tedby a oont_'oil_.ble constar:t air pres-
slate on-the oi_posJte side. The co_teracting press'_re_ whenadjusted
to the lowest v'_lue bh_t will keep the disk on its seat at all tlmes,
will be c!osoly equal to th:_,max._-aumcombustion pr6ssuz'e. This con-
dition of bal",,nce ts indicated b__a l-watt neon lamp in a direct-
current clrcu!t that -" _inc±udos the 'lisk and its seat. The pressure

pickup used for measur:!ng min-]m,.m pressure is similar Jn constm_ction

an,_ ope._'at!on to th;:_':described re::'measax'ing .:_xlmum presmn'e; the

ba].ancing ¢onstaut pressm'e i_ this case fs malntaJne8 by a vacu,am

pump.

AN,q_YSIS OF TEST DATA

In orde_ _ to Inberpret the tesL results for app.!icat-i_oz_,to the
conditions of fl ;,'+ _ ........ ,g_,_ a b:c_ef tm._o_.etlcal study is given of the air

flow a_d the resu!tJng fo._'cos present both in flight and in the test

installation. F_g-&re 6(a) il!ustrates the flow conditions existing

when the engine is in flz{._ht. Moment_._n considerations of the flow

th_'ou-gh the imaginary boln_dary drawn in figure 6(_) results in the

following ].'elation:

F W
(vj - vo) (i)

where

F

W

average thrust developed by engine, potmds

combustion-a_r weight flow t]n:'ough engine, pounds per second

g acceler._tion of gravity_ 52.2 feet per second pez' second

vj effective J_t vel:;cloy equal be mome,nttm_ of exhaust jet divided

by mass flow of combustion alr, feet per s_econd

V e free-stremn ve].ocity_ feet per second

The flow conditions obtained Jn the tests (see fig, _5(b)) are some-

what different :f__"o.,athose oxist'.ng in flight. In this case_ the

momenttm_ equation when appl[ed to the flow Arougn the im-_.g!nary
boundar._es yields :

W

Fm = Ai (Po - Pi) + _. (Vj - Vi)

where
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Fm force measured in tests, pounds

Ai area effective in transmitting air load Pl " Po to engine

and supporting structure, square inches

Po atmospheric pressure, pounds per square inch

Pi average static pressure inside surge tank at cross section of

area Ai, pounds per square inch

V i effective air velocity at cross section of area Ai, feet per
second

It is noted that the imaginary boundary passes through the crest of

the flex_bie rubber dlaphrsgm. At this point the tension in the

diaphragm is no_l to the ax_s of the engine and hence does not con-

trlbutc a term to equation (2).

Equation (2) shows that the total force measured in the tests

is the algebraic s_ummatJon of theair-pressure ].cad Ai (Po - Pi )

W

and the momentum force _ (V 3 - V!). The air-pressure load may be

evaluated from the res]Qts of cal_bration tests, Which are described

W

later. The momentura term _ V i is determined from thG measured

value of combustion-alr weight flow and the value .of Vi, which, in

ttu'n, is obtained from the2 calculated __veragc velocity at plane i

(fig. 6) by assumin_ the velocity varistion resulting from the

cyclic-f _low through the engine to be slnusoidal. Because the average

vo!ocity at plane i (fig. 6) is s_li (less than i percent of Vj),

the foregoing approxln_tlon for V i _ntroduces negligible error.
The measured test force Fm _zy then be corrected by the values of

W

Ai (Po Pi) and _ V i In accordance with equation (2) to give the

W

Jet momentum force _ Vj, horein referred to as the jet thrust.

For convenience of analysis, the effective Jet velocity Vj is

_ d hcalculated from Lhe Jet thrust _ Vj .n the combustlon-air weig t
flow W._ The engine performance _e.s_its are then presented as plots

of effective Jet velocity and co_Ibustlon-air weight flow against

fuel flow for the various simulated ram pressures. Predicted flight

tlu_ust values (excluding cxterrml drag) for the airspeeds corre-

sponding to the simulated ram pr_.ss_Ires are presented as computed

frcm equation (i) and the test w;!uos of effective Jet velocity

and combustion-.air wclght flow.
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T._lefbrefjoing proced,,_reIn_ol_res th.:_assumption bh:_t_ fo__the
samecondib_ons of-fuel flow a_.l entrance r_m_pressure _nd tempera-
ture, the co_:fbustJon.-airwe_t flow a_d the effective Jet velocity
(anl thus, the Jet thrust) are the s_e for the engine in flight as
:onthe thrust sband. The main implicatio1_s of this assumption are
that the combustion-air weight flow and tl_e effective Jet ve]_oe_ty
are unaffected by the cyclic disturbances of the _ir strea_n ak_oad
of the engine entrance diffuse.v aud by the ?low cf s].ips-b_,eamalong
the engine shell; as obtained in fl._ght.

TESTPROCEDT_<E

T1u'ust.-calibratJon t<_sts, - The thrust -m_asur-lng.....ys_emwas cali-
bra-b_di._rev]ous to the tests to determ._ne:

(<_)The conversion factor b_o_{,oenthruso-m_mom<._te_&oflect_ on
and nez force Fm on hhc en<_inestructu're.

(b; The air load Ai (Pl o on the ongjzie ...._,_t_ the
vur!o_;,s st_tic-pres-_v_e vaJ.ues ( ]pi " Pc) used _n th_ tests.

The cai_.brs.ting rig conslsbod of a wo_t-lo:_ding pan com_ectedto
the thrust platf<:rm with a steel ce,b!e run:_,Jngover a separately
sapportt_d i_ul!ey, During the c._!LbratLon tests t'ao tail-pipe outlet
of the jot eng'_no was p].ugCod; the static prossu.re w-;.thin the sarape

tank and the engine _-rzsthen built up w__th the combust:ion-ai:r blow,.r,

E__n__I..n,:_-porfol,mance t.as b_-_. -- I,n ord or to st-:_.rt th_ oncine, e,
s _mul.:_tod ;rm_. pressu_'e of 20 inches of w,_ter was maintained :!n the

air surge tank aad a fucl pressure of i5 pounds per square inch gage

was built up in the fuel _ _ _<: _,_.,_k. The :Fuel soler,oid valvu w_s

then opened and immodiato]j" thereafter th,_ spark was energize,:].

Follo_:/ng the f_rst <,x,plos:_onthe spark w:_s dooner_:i, zod :_nd the

noecht.o valve _n the fuel ]_.ino was ralo!dly opened tc, provid[_ t,h,_'

required fuel f].ow for the greatly _.__crc_'_scd air flow .1.ndvcod by

th_ breathing action of th_ engine. Prodet, o]m_.incd va!v.cs of simu-

Lated r&_n pressure a_d fu<,_],flow (;range of fuel flows l-_mltod to

that resulting in _"=,_ ':, -' _n_..n_.__,_,,m,_,n_, oporation) _ero set and th.,_) ,_ ,_4 :,

operating conditions wore allowed to stabilize b,_foro _tart, of tbo

test run. During the test r_ whioh was of aPl)rox_matc!y 30 seconds

dur_.ttion, the purtinent test <sta were reccrded_ the ,thrust-manom<;ter

roadin_ was taken at the vnd of the 30.-socond rim pcrlcd. Upon con-

p].otion of tho first tost run, new fuo!-flow and s.imulat_,d ram-

pressure conditions _.,_oreestablished a_d the procedure for rucording

the data was repeated. The running tim_ _er stewartwas limited by

the tempcratare of the cnglno sh<,ll (L60;Y F chosea as a max]m_m_

iimtt) +.hat could not bo adequato].y cooled with the a'_a_,__-.b]._cool_ng
\
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a:Lr (approx',.mate!y i0 to !2 it/sac), ,0nly two :_Id sometimes three

best runs could be made wit_ a slngle test startj after these runs

it wa_ uocess.%ry tc shut clowu _-.-allow the engine shell to cool

A s',mm_ary of the sh.,mlated rcm,l press,ires and fuel flows used

_n b,_.'_tswiti"itwo sbanderd flapper-valve assembl'ies Is given in the

following t_b].e :

_).L_h,l_ue<l_fZ_r__i"esL_i,r@_ 1.11.w_tez'

Fuml f].cw, ib/hr

............ 7"-" ......... -......._| ............

_ ,LtO s',

i,!O0 I o,,7(')

_000 1 2800

2200 i 2,100

I

!800 ?.:_,00

2000 24<)0

240t;, 2500

28',.)0 2800

SO0(" 3200

3200 - 5500

In these teats, blle combustion-a_r te::merature _,_as maintained con-

st:-u._t at aplm;,xi_m_.te], y VO° F.

,_,tead,_- f_,Jw _o,.s ....._, lose test<,, ..- The z'elabion bet_¢eon air
weight flow -rod pressu_-e drop acrot's the £1-%p[,er-v-l!vo assembly w._s

dete_mAaed in steady air-f tow tests conducte_l p:elor to op,n-at_on of

t}:@ _r,._:[ne. ]:n %hese %es%s, air w,_s iAm@od, by the combustion-.ail:.

b].o_ur to the flapper-valve as_emb.ly from where it flowed as a

steady str,,:;am :Tritethe engine shell and out to the atn)sphe:re, Tho

air fl,z'wwas v<_z'_ed :in .steiJs from the iow_st va.ium that cc>ul_]be

reliably mcasnz'ed with th,, combust. _on.-a.lr or _fl ca tc the maximum

quant:,ity safely pumped by the combustic>n..air b!oworj measurements

. were taken of th._ a'r wei,._t f].ow and. of tDo diffc:rcnoo between the

:_ir pressure with_'.'nthe s;,m.Setank and the atmospheric pressure,

-_u._"cr.," :to c_pt;:<'oxLmato!.V, c:q:_.a]_ to the static ._rcssure d_'o_,_.•r across thc_

flttppci".-v%lvo a_Sel_b].,}'.

Fuul--nozzle ca!ibratJ.on toots, -Prev._ous to the tests, the

f;_cl-man_f,,:-ld].nject_.on-n,:_zzle _ss,=_[_!y ;_as ca!tbz'aDod to determine

the fuc]. didtributi,bn am.eriC the n:[no f_el-in.ject.iom nozzles at fuel-

aoz_d.e pr,-;ssuros of 5_ i0. i:_, 20, and 25 pounds per _iqua,ro inch

sago ( ,0_'_ limit of th,., fl.::.r.-benoh equ!pm,_nt) Thl.s u_] .........a,,,on
w:',sc¢.rtduoto_i with the fuul manifold !n the scLmc vortLc.zl. ]_osit _ou

{to iDst,alh]d on the engine; :!t <Jaoh i'_io].[_)_['.ff]_lli'Otested the £l/ol

£10_.z 'ssuing _rorl oo.ch in,joctJ.o_ _c.,zz]._b _ts.s ,:c,o,:l.,<_.,t,l_ s_le_is:n'ed.

The z_su].ts of t, lzesc fue]...-d[S_.r_[bJtJon _cstr%as cond_ct,w,-1 ,.in the
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second fl<_ppor-val_c asso_bly_ _-ro glvon in i.t<Ttu':;7 wh,._.ret,ho

indi.vid.;::_lfucl flow is p!ot!:od for each no._,zlr,, Inc].udud in the

f].gur@ is u ,oketch that iden_[fLes tl,o noz_do nmi_bo__"_]_ show,q the

pos:Iticn el the nozzle on the C_:Jd, The porcon%-cge dov,"_tJ.ons fr.'.m

the .av,craje -__'_uc_.flow and the tot_l J:ucl"flow for each fuel pr<,ss__e

are al;,o ],Jsbod on th.,_fictu.'o.

RE,)LI,To AI'_I__IouUS,J]ON

A stnm..laryof the perfectsace res,_itq obtair_ed in the testJ with

'the two _tan_s.rd_ " fiapper..valve, assemblies .[s p_'csented :tm tables I
and II.

Combusb-_on.-air flow an& e f÷]ecj_L[(_e _et velocLty. - The bas.ic
__ _, L _.._z.,.anco of the __" _ _a ne,_._.n., presented In figtu'es S and

_..zhere_ntl,e oomLust'on--_[r weij_t flow and tke efFects're Jet velocity,

z_espect-ively., _m'e _,Ic_ted, aga.ln_t :f'u.e]f!o_ i'gr s;mulated r.:m_i;res-

sures of O_ 18_ 4.).,.and 58 h'<oh.",s<f water. T.'neend te:ut points on

each .ram.-press',.a-e c_u_ve im figu: e 9 represent the ].-i:nits of the jet.-

engine cycliug c]:'resonatJ.n.Z operat,!o_] _ small rodu<:tior_ :.n fuel

flow (about I00 to 200 ib/hr) b(_low the ]_ow_r test lu.,.].tor incre<_.se

above the upper test lJ}it rosu!_o{_ in a ch,_;se J.n combustion to

ste:_dy b_u,ntnc_ for which the effo<"tive Jet velocity Zs only a V,3z;y

small f'r_ctier_ of theft developed ,]:[ring :.:'esonant'operation.

F_gurcs 8 and 9 show th_t_ for a r_a prossnre "-;fO_ fi'om C tt_

7 pounds i;er second of air Is induced into the engine for c<,mbustJon_

upon wh!ch an effective Jet velocity of about 2[500 feet per second

is developed. This static porf<,rmance is possible only because of

thu resonanb i_ressuro variations occurring within the encino durin_

its operation; the induction cf air :!5 duo, _n th:[s case, solely tc

,_h..suction pressures creat.,sd wibh,n the eng!ne after each cycle

explosion, wheroas the high velocity &isch:v_'go Js the renault of the

_apid build-up of. pressu]'e during th,'-)combustion process.

Th_ ccmbustion-.a:!r wo],{_J_tflow increases wibh increase Jn both

fuel f'].owand :'am p._essure (fig. 0); _t the m,_-_imum simtf[abed ram

pross,u-o oi"58 inches of w'ltor_ the combustJ_on-alr wo!_t, f]ow is

,close be 12 potuids per second. 9_s_..d on the ,_ss0_mi;b:_onthat ewin;3

to the f]._ppor..._/al.ve&ctlon the induction period in each cyu]o J.s

hal.].' the to-ta]. cycle t_mo_ this a:[r fl(n.z corresponds to an average

air volccltj durin[¢ %he ir,duction per:..ed ef about 56,:)feet per'

second through the throat 'of bhc vcn-tt_i passages, The engine volu-

metric effic_ency. . cor_:'cspOndlng tc bhic a:_r flow is about o,,.."_[percent>
us bas,_d on a cycling re.to of 40 cyc!cs per second (see t_bles I ,'-_nd

ii) az'_d the' cng_lno volume betwcon the flapF, or-.valv,_ assc, r_bR.y ._nd

the tin'oat of the convergent nozzle (bcginning of the con,st-_nb-a_,u:z

tail pip,:).
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Fi_Ire 9 shows that_ as the fuel flow is increased from the

lower to the upper cycling limit at each ram pressure_ the effectlve

jet velocity Increases to a max_m_anvalue and then decreases. The

maximum effective Jet velocity Is seen to increase substantlally

when the ram presst_ !s changed from 0 to 18 inches of water_

T_ou_out the range of ram press,_'es from 18 to 58 izches of water,

however, th@ maxlmt_m effective Jet velocity varies only about

140 feet per second and appears to be hlghest at a ram pressure of
AO inches of water,

The effective Jet veloclty is plotted in figure I0 against fuel-

air ratio as obtalued from the test points presented in figures 8 and

9. The fairing of the curves through the test points In this and
subsequent figures was made In a m_rmer to g!ve consistent results

with the basic curves of figu_'es 8 and 9. The effective Jet velocity
is shown to be a maxlm_m In the vicinity of 0.08 fuel-alr ratio for

all the ram pressures tested.

Predicted flight tlu_ust. The thrust that would be developed

in sea-level flight for the atmospheric pressure and temperature

test conditions (approximately _CA alr) at the flight speeds corre-

sponding to the test s_mulated ram press_res are plotted against

fuel flow in fl_ure ii and against fuel-alr ratio in figure 12.

Because the effect of altitude on the englne performs,nce is not known,

figures ll and 12 are presented for only sea--level operation_ A
variation of about 16 percent exists bet_,T_enthe maximum static

thrust (at O ram) and the thrust developed at 190 and 280 miles per
hour at the same fuel flow. The m_xlmum thrust increases with alr-

speed at a rapidly decreasing rate; for airspeeds of O, 190, 280,

and 540 miles per hour, the maxlmum thrust values are 500, 660, 740,

and 770 pounds_ respectively, It Is evident from figures ll and 12

that, although the fuel flow for maxiluum thrust increases with

increase in airspeed, the air flow increases In the same proportion

so that In every case maxlm1_n thrust occurs at a fuel-air ratio of
about 0.08.

Fuel consumption. - The thrust speclfic fuel cons_anption of

the engine In pounds of fuel per hour per pound thrust (excluding

exterr_l drag) is plotted in figaro 15 against fuel-air ratio

for the various indlcated airspeeds. Best-economy operation

is obtalnod at a fuel-alr ratio of 0.064 for flight speeds of

280 and 540 miles per hour and at a fuel-air ratio of about

0.072 for flight speeds of 0 and 190 miles per ho!_. The thrust

specific fuel consum_tlon for best-economy operation at flight

speeds of 0, 190, 280, and 340 miles per hour are, respectively,

3.8, 5._, 3.5_ and 3.6 pounds of fuel per hour per pound

thrust. The curves of specific fuel consumption are quite flat In

the region of best-economy fuel flows and for maximum thrust opera-

tion at the flight speeds of O, 190, 280, and 540 miles per hour
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_ndicate fuel cor_su,,_pt-_oasof 4.0, 5.8, _.8:. and 4.2 pc,hiSs of fuel

per hour per _,ound of 1:.hr'_s-_rcs-pcctlve!y. These values represent

an increase in fuel col_su_ptiom 8b_ve _h_ b_st-eoonomy valttes of

about 5 percent for fllght speeds of O an_ 190 _,imes per ho_lr and

a.bou.t 15 i_ercent for flight speeds of 280 and J_40 _:iles ier hour.

Reference to figure iB snows that _ho predicted flight tLr_t_ts

obta:_nod at the best-economy f_el-air ratios are 420, 610, 660, and

650 I,our..As at t.nG flight speeds of 0j 190: 280, and 540 _iles per

hour, respectively.

The fuel consumed per thr_tst horsepower-hour is I_lotted in fig-

ure 14 against fuel-air ratio for flight speeds of 1903 280, and

540 miles T-or hour. 'i_.:esprcad boiTwocn the different airspeed

curves is due mainls to tLo ::eductton In Jet-wake losses and the

resulta_t incre_,se in ow_r-all operating e_ •......__c._ency obtained w-!th

Jncr,_ase in flight speed. The minlm_cm w{_!ues of power si:ecffic fuel

consumption indicated _n x_g_r_ ].4 _e 6.9, 4.5, and 5.9 pounds per

thrust horsepowor-ho_ for the flic,hb sl)<:eds of 190, Z80, and

540 miles r_r hour, rcspectivel:;. Th<. bost value of po_.._urspoclfic

fuel consumption (S.9 ib,/tb,p-hr) corrcsT, onds to _, over-all effi-

ciency of 5.5 p{,_rcont, as b'_sed on the lower h,_atirg value of the.

fuel; this efficiency value is about half that calculated fc,r the

idealized cycle.

C_yc_!_ iorcssures. - The cycling frequencies mcasa.red in the _- *v,=_8vS

a.ro given in tables i and II. A tabulation of the m_xi_um and mini-

_um combustlon-cha_bor pressures Is Included In table II. The fre-

quency values ar_) soon to vary fro_ $9 to 41 c.vcles pur second. The

maximum and m_ni_um pressures were _essurod on12 in the tests con-

ducted with the second flapper-valve assomb!y becaus;> the first

tests wore devoted to dov_l¢_-mont of a satisfactory i)f.oh_p. Table II

shows that the r_aximum pressure increases from about 4S to about

5_ inches of mercury gage (about 89 to $2 ib/sq in. absolute) when

the simulated ram pressure is increased from ¢0 to 58 !nchos of

water; those values co_paro with a theoretical maximum-pressure value

of about 145 pounds p_'r square :_neh absolute, which would be obtain,od

_n a constant-vohu_e burning process. The m._nim_nn pressure is shown

Jn table II to vary in a random manner from 7,5 to I0 inches of _._cr-

cury vacut_m (from I_.]. to I!.S Ib/sq in. absolute) for simul'_ted

r_n pressures of _0 and 58 inches of water.

Photographic records of the combustion-chamber pressure varia-

tions as indicated on the oscilloscope screen arepresented in fig-

ure 15 for t_o typical operating conditions. The small frregu-

larftles in the wave forms are due to the effects of the oscillatlng

air column within the extension-tube connection to the pickup. The

measured values of maxlmum and mlnlmum combustlon-cha_ber pressures
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r_nd-f cycle tLmo aY'c _dentlCied cn the individual press_re traces;
the atmospheric and rma-p'._essur_]_nes are estimated from line_r
interpolation between the maximum-and min_m_mu.-pressurevalues. Th,_
records showthat tlle preston's r" se from mim[m_mto _m_xim_nvalue
begins at a relatively slow rate and continues at _ubstantJally the

s_.,mew_,a,,higher than the absolute rams::_merate _mtil ;:_pressure _ _ "

pressure -is reached. At this pressure valuo_ a hic_. -_coe].eration of

pressu_o is obt<_nod and the pressure then increases at a groat].y

increased _'ate be almost w_[mum w_lus. The [_rsss_iro deor,_tlso fronl

mt%ximum to minimum va].uo Occurs _vb o, s_$stantia].ly constant rate.

V<d.u,us of the ra:_mum rat@ of pressure ri_e _nd the rate of decrease

for conditlons (._,,)_'Lnd(b) of fiiyaro 15 are roui_J.y estimat<,_d from

t]_c records _nd a,re t_buluted as follows:

CondLZion Rate cf R_to of

ii_',]SDU],O l]z'o8Su.ro
rJ 8'3 d,.)cFo,%se

(in. H>,/soo) (in. Hg/sec)

(a) 5,000 6000

(_) ]._,ooo 40oo

F!mno phot,__ra_h_ss. - In figure 16, enl_rgemcnts are sho'.m of

!,i successive frames of a ht@_--spocd m_,tion-p_ctu;:'o film of the

.fl;_i,: at the tal].-p_po outlet. A fluo)'_dcont tube lJgl_tod by stand.-

•-_rd ].lO-vo!t ({O-cycle cur-_en5 provld.a] a timing trace for the f!_me

as sho-_ .in 'i;ho on!a_'g_>mentu. The lh'_es show the distinct build-up

and dcc_y af the fls_e,. ?rejection of' the film cl0_ar!}_ showed tl_ab

the h:[gh-v,_locity d_[_charco from th,:.t,:dl plpc was followed by a

complete r,:vcrc:_], of flow wherein a p0rt[on of the exhaust gases

_!th_n the t__il pip.:, _d the nozzle was d:_'awn b_ck !-nto the combus-

tion chamber. Th_s reversal of f].o'_ i.s the response to the suction

pr,._s_urc,s cr(_:_.tcdwithLn the com]mst_on ch_mbcr after each explosion

_md probably results-:'in prccomprqssJon of' th( now cha_'go and _._,b_o-

qu,:nt i99_it _on,

Fuel l[Loz_lo_pFess_:_O.S. - The va!uos ,.offuel-nozzle pr'ess_n'o
measured in the tests on %he first i:']._]-;pcr-v,_iveassembly were _nduly

high because of partial clogging o_!' t.ho nozz].o passages by foreign

mato_']{_!s within the fuel ]inos. The_]e values '_ro th_rofoce not

pr_;sont<,d. The va[ucs moasu,_-ed for the second flappor-v_iva assembl,F

arc, howev_::r, con_idgz'cd satisfactory _nd ar_; included in t_%blo II.

In ficu_.'_ 17: the i'uc! flow i_ plotted against the fuei--nozzl(_

pressure (:_:el_ti.votc :_tmosphor[c _ro,_surc) as m_asurod in the tests

on the second fl_,_ppor-val,'e <_sscmbly. The values obtained in the

fu_l-dJutribatJon tests (fig. 7) a_.'<,included in the plot for com-

parison. In th,_ fucl-distributLon t{_sts the fu_l nozzles discharged
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against atmospheric pressure, _hereas d1_ing operation of the engine
the nozzles discharged against a cyclically varying pressure whose
average is above atmospheric; the fuel pressures required in tlle

en_ine-performanace tests are therefore higher than those measured in

the fuel-distribution tests.

Stea@_-flo_T pressure loss across flapper-valve assembl_. - The

steady-flow pressure-loss characteristics of the two flapper-valve

grid assemblies used in the tests are plotted _n fi@ire 18. _le

presst_e differential required to open the flapper valves at the

start of the performance tests is sho_n to be about 14 inches of

water. Inasmuch as the pressure drop wou]d vary closeiy as the

square of the air-weight flow for constant flapper-valve position,

the linear variation obtained throughout the range of presmwe drops

tested indicates tiiat the valves were st_ll opening and had no%

reached wlde-open position even at a pressure drop of 40 inches of

_ter. In v_ew of the fact that the two flapper-valve assemblies

were similar the stiffness and natural frequency and hence the

steady-flow pressure-loss characteristics would be the same as

com_irmed in figure 18.

Flapper-valve deterioration. - Figure 19 is a photo_A'aph of the

first flapper-valve assembly taken after 30 minutes of operation.

In general, most of the valves appeared to be in good condition.

The discoloration of some of the valves indicated that they had been

subjected to hot burning gases; as a consequence these valves had

lost their original tension. Details of the two most damaged valves

in tlie assembly are shown in figure 20. Sections of the tips of

these two valves were broken off and cracks extended back from the

edges. The de_g_ was undoubted]y the result of impact forces

imposed on the valves as no signs of discoloration were apparent.

Further testing with this valve assembly (not reported herein)

indicated a rapid reduction in thrust after 33 minutes of total

operation.

Inspection of the second flapper-valve assembly after 17 ndmltes

of operation revealed greater flapper-valve damage than that of the

first assembly, notwithstanding the shorter operating time,

SUMMARY _" RES_JLTS

A _m_mry of the important results obtained in sea-level tests

conducted on a _2-inch-diameter pulse-Jet engine installed on a

ti_ust stand is presented in the foilowlng table:
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S].mu!s,bed ram presst_'e, _.n. water 0
Equ_valenb indicated airspeed (NACAaLr), mph 0
Predicted max_m_ f!_ght thrust, ib SO0
Thrust specific fuel cons,.._mptionat m,_ximt_L- 4.0

th:rust o[_erabion, Ib/(hi-)(ib thrum,t)
Predicted flLght thrush for operatlton at A20

minimtm_fuel consumption_ ib
M!nimtanvalue of thrust sDecific fuel cen_ 3.8

S_mptlon_ ib/(hr) (ib th_ust)

18 40 58
190 280 340
660 740 770
3.8 5.8 4.2

610 660 680

3.4 3.3 3.8

M_Xhnmn-thru_{t op_,<_<_t].onwls obtainQd _t ;_ f_iel-air ratio of approxi-

m::,_tely0.0{3 and Lest fuel econor&y; in the fue].-aJr-rab_.o range

between 0.!)64 and 0,072.

The operating freql_ency cf -the jot engine _raried from 39 to

41 cycles per s_cond. Mmzlm_ combustion _chc,anber pressures in the

order of 40 to _-to,) inch_s of mercury gage, and m!n_mum pressui_es from

abo_t 7 to iO inches of m.,<J:'c_m:'yvacuum wer_ meas_u_ed fox' the simulated

rrun pressures of _0 and. 58 inches .)f w_tor. The o;per_tin6 lives of

the two fl,_pper-valve assombl_es us_d in th_ tests wer_ approx_mte]y

].7 and :_43m_nutes_ respecZ_veYy.

A_rcraft Engin_ Rese%rch Laboratory,

N_tLoual Adviso_'_' Co_mJ ttee for _oronautlcs,

C]eve!,m_1_ OhLo_ October _, ].9,%._.
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TABLE II - SUMMARY OF RESULTS OF TESTS ON SECOND STANDARD

FLAPPER-VALVE ASSEMBLY

Run Simu- Fuel Fuel- Baro-

lated flow nozzle metric

ram (_I pres- pres-pres- sure sure

sure (lb/sq (in. Hg

(in. In. ) abso--

water) lute)

2

3

4

5

9

!0

15

16

17

18

19

59.032oo- 62 28.94
60.1 2500 38 28.94

58.7 3500 72 28.94

58.1 2800 48 28.94

55.8 2800 48 29.08

53.8 2800 48 29.08

59.0

36.7

39.9

37.5

35.9

Run

2800 ........ 28.98

2800 47 28.99

2000 27 28.99

3000 55 28.99

2400 37 i 28.99
/

I

Combus-

tlon-

air

temper-

ature

(oF)

85

86

85
85

7O
72

Comb us -

tlon-

air

we ight
flow

W

(lb/h_)

41,040

38,880

41,760

39,600

59,600

40,680

Predicted

flight
I Cycl-
ing

Max imum

comb us -

78 42_i00

69 37,080

70 32,040

72 57,080

72 33,480

Minimum Maxi-

_combus- mum

Fuel-

air

ratio

O.078

.064

.084

.071

o071

.069

.067

.076

.062

.081

.072

Jet

thrust

IW

i _ V _

(ib)

946

884

973

883

892

923

829

731

875

810

Effec-

tive

Jet
veloc-

ity

V.
0

(ft/

#ec)
2674

2638

2702

2585

2540

2541

2591

2644

2735

2804

Maxi- Total

mum time on

2

3

4

5

9

i0

15

16

17

18

19

thrust

(Ib)

772

fre- tion

quency pressure

(cps) ', (in. Hg

tion valve-

pressure grid

(in. Hg tem-

717

795

716

.... .__..___._

727

745

703

618

747

697

ga6e)

, °

39 47.6

40 47.6

51

........ 51

40 52

39 52

vacuum)

9.5

8.5

.2

.0

.6

.2

pera-
ture

__ =

134

shell

tem-

pera-
ture

11575

.6 9

.i 8

.4 8

.4 9

138

120

126

148

150

1325

1550

1700

1225

39

40
38

I 40 ,

45.4

45.3

41.9

flapper
valve at

end of

run

(mln)

i0.0 153 1300

7.4 162 1600

10.2 151 1200

8.4 151 1575

National Advisory Committee

for Aeronautics

________

3.0

4.8

8.3

9.2

13.6

15.7

17.3

L
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Figure 6. - Comparison of flow conditions obtained in
thrust-stand tests with those existing in flight,
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\

_025 sec-_

Atmospheric
Minimum. pressure,
-10.2 in. Hi

Maximum Pressure,
;5.3 in. Hi

Ram pressure.
37.5 in. water

(al Ram pressure, 37.5 inches of water; fuel flow,

3000 pounds per hour; fuel-air ratio, 0.081.

/t\ Jk
ltmospheric pressure -_----_
Minimum pressure,
-8.6 in. Hg

Maximum pressure,
52_ in. Hg

Ram pressure,
5S.8 in. water

NACA
C- 13041
l- 10-45

Ibl Ram pressure, 55.8 Inches of water; fuel flow t
2800 pounds per hour; fuel-air ratio, 0.071.

Figure 15. - Combustion-chamber pressure cycles for two
typical test conditions.
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Figure 16. - The flame cycle at the tail-pipe outlet as
viewed by a high-speed motion-picture camera (2000 frames
per sec ),
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